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Key Points:10
• The Parsons-Veronis hypothesis on the separation of the Gulf Stream appears to11
hold true for at least the last 40 years (1980-2019).12
• The forecasting model of the Gulf Stream path (75-65◦W) uses the previous year’s13
path, space-time integrated winds and Icelandic low location.14
• The model shows a correlation of 0.65 for its one-year forecast compared to the15
actual path for the years 1994-2020.16
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Abstract17
Fluctuations in the path of the Gulf Stream (GS) have been previously studied by18
primarily connecting to either the wind-driven subtropical gyre circulation or buoyancy19
forcing via the subpolar gyre. Here we present a statistical model for one year predic-20
tions of the GS path (represented by the GS northern wall - GSNW) between 75◦W and21
65◦W incorporating both mechanisms in a combined framework. An existing model with22
multiple parameters including the previous year’s GSNW index, center location and am-23
plitude of the Icelandic Low and the Southern Oscillation Index was augmented with basin-24
wide Ekman drift over the Azores High. Addition of the wind is supported by a valida-25
tion of the simpler two-layer Parsons-Veronis model of GS separation over the last forty26
years. A multivariate analysis was carried out to compare one-year-in-advance forecast27
correlations from four different models. The optimal predictors of the best performing28
model include: (i) the GSNW index from the previous year, (ii) gyre-scale integrated Ek-29
man Drift over past two years, and (iii) longitude of the Icelandic Low center lagged by30
three years. The forecast correlation over the 27-years (1994-2020) is 0.65, an improve-31
ment from the previous multi-parameter model’s forecast correlation of 0.52. The im-32
provement is attributed to the addition of the wind-drift component. Sensitivity of fore-33
casting the GS path after extreme atmospheric years are quantified. Results indicate pos-34
sibility of better understanding and enhanced predictability of the dominant wind-driven35
variability of the Atlantic Meridional Overturning Circulation and of fisheries manage-36
ment models that use the GS path as a metric.37
Plain Language Summary38
The position of the Gulf Stream, the western boundary current in the North At-39
lantic, after it detaches from the coast can affect processes from fisheries to atmospheric40
events and is an indicator of climate change. In this paper we were able to create a fore-41
casting model predicting the position of the northern wall of the Gulf Stream one year42
in advance. This model incorporated integrated winds generated from the Azores High43
and the Icelandic low, the two major atmospheric pressure centers over the North At-44
lantic. The correlation between the predicted latitude from the model with the observed45
Gulf Stream North Wall index for over twenty-seven years is 0.65. The ability to cor-46
rectly predict the Gulf Stream path has important implications for improving the man-47
agement of Living Marine Resources.48
1 Introduction49
In the North Atlantic subtropical gyre, the Gulf Stream (GS) is the northward flow-50
ing geostrophic current that is topographically bound until it reaches the latitude of Cape51
Hatteras, where it separates from the coast and becomes a ‘free-wheeling’ jet. The lat-52
itudinal excursion of the GS meanders from its mean path are on the order of 100-20053
km after it departs from the coast (Cornillon, 1986). This path variability has been linked54
to multiple processes spanning from fisheries (Nye et al., 2011) to atmospheric events55
(Joyce et al., 2009) and is often interpreted as an indicator of climate change (Zhang et56
al., 2019; Caesar et al., 2018). In particular recent rapid changes in the northwest At-57
lantic water properties and ecosystem responses have been linked to the variations of the58
GS path and its instabilities (Pershing et al., 2015; Mills et al., 2013; Gawarkiewicz et59
al., 2012, 2018, 2019; Andres, 2016; Brickman et al., 2018; Gangopadhyay et al., 2019;60
Silver et al., 2021)61
The path of the GS from the separation point up to 65◦W and beyond has often62
been quantified with one single metric – called the Gulf Stream North Wall (GSNW) In-63
dex. The GSNW at the surface is defined by the sharp temperature gradient that oc-64
curs where warm waters at the northern edge of the GS meet the cooler waters from the65
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Slope Sea. A recent review of different metrics and their inter-relationship with respect66
to the GS axis is given by Chi et al. (2019).67
The meandering of the GS path is also linked with its separation near Cape Hat-68
teras (75◦W, 35◦N). The separation of the GS from the coast at Hatteras is governed69
by multiple factors such as inertial control (Fofonoff, 1954), basin-wide wind stress (Parsons,70
1969; Veronis, 1973; Gill, 1982; Gangopadhyay et al., 1992; Dengg, 1996) and bathymet-71
ric control (Zhang & Vallis, 2007; Schoonover et al., 2017). The TSI (Taylor-Stephens72
Index; see Data for details), an index of the GSNW (Taylor et al., 1998) has been shown73
previously to correlate well with the separation point inter-annually (Taylor & Gangopad-74
hyay, 2001).75
Previous studies have focused on two distinctly separate but somewhat linked force-76
response mechanisms between the GS path and the overlying wind system. First, the77
Parsons-Veronis hypothesis is built on the concept of separation by detachment. This78
theory, within a two layer ocean model, implies that the GS detaches from the coast when79
it reaches a latitude in which the boundary between the two layers extends to the sur-80
face, essentially at an outcropping of isopycnals (Parsons, 1969; Veronis, 1973; Huang81
& Flierl, 1987). This hypothesis was tested by Gangopadhyay et al. (1992) (GCW92, here-82
after), who found evidence that the observed separation latitude of the GS was corre-83
lated with the predicted outcropping latitude of the two-layer model if one integrates the84
wind-stress over the subtropical Atlantic basin (dominated by Azores High) for three years.85
This three year time-period was attributed to the integrating effect of long-planetary Baro-86
clinic Rossby Waves (BRW) to cross the Atlantic and affect the western boundary (Gill,87
1982).88
Furthermore, the path of the GS after separation is dependent on the separation89
point itself. It is well known that the GS has a standing meander pattern between 75◦W90
and 70◦W (Cornillon, 1986; Lee & Cornillon, 1996; Tracey & Watts, 1986). Thus the lat-91
itude and angle of the GS at separation dictates the path of the GS at least up to 70◦W;92
indicting that the choice of TSI as a metric of separation as well as a GSNW index (at93
least for the western half of the GS between 75 and 65◦W) is reasonable.94
A number of studies have proposed that the path of the GS is influenced by the95
southward flow of Labrador Seawater (Rossby, 1999), dictated by the strength and lo-96
cation of one of the NAO’s center of action, the Icelandic low-pressure center (Hameed97
& Piontkovski, 2004; Sanchez-Franks et al., 2016). Sanchez-Franks et al. (2016) (SHW1698
hereafter) created a regression prediction method of forecasting the GSNW position one-99
year ahead using Icelandic low center pressure and longitude paired with the Southern100
Oscillation Index (SOI). SHW16 found that the forecasted GSNW values accounted for101
36% of the variance and did not consider other mechanisms e.g. the latitude of separa-102
tion, that could influence the GS location.103
The variability of the path and transport (of heat and mass) of the GS is also linked104
to the variability of the Atlantic Meridional Overturning Circulation (AMOC). Under-105
standing the GS path variability, a component of the AMOC, might lead to better un-106
derstanding and prediction of the variability of the overall AMOC (Lozier, 2010; Cae-107
sar et al., 2021). A number of studies have recently suggested that the impacts of buoy-108
ancy and wind forcing on the AMOC transport are different over different time-scales;109
wind-forcing dominating the seasonal, interannual and decadal variability while the buoy-110
ancy forcing dominates over the longer, centennial time-scales (Biastoch et al., 2008; Zhao111
& Johns, 2014a, 2014b; Mielke et al., 2013). Using data (2004-2010) and model simu-112
lations, both Zhao and Johns (2014a, 2014b) and (Mielke et al., 2013) concluded that113
although it is a relatively smaller constituent of the total AMOC transport, most of the114
AMOC variability results from the Ekman transport component.115
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Mooring array programs at both 26◦N (Smeed et al., 2016, RAPID) and 53◦N (Lozier116
et al., 2017, OSNAP) show that the variability of the Ekman transport is about ±1.5−117
2 Sv, while the amplitude and seasonal range is about 3−4 Sv. Thus, it makes a case118
for understanding the variability of the Ekman transport which is restricted to the up-119
per layer of the AMOC. In turn, in a simple 2-layer Parsons-Veronis model sense, this120
Ekman drift is related to the separation and path of the Gulf Stream at the western bound-121
ary between 26◦N and 41◦N.122
In summary, the wind-driven GS, resulting from integrated effects of basin-scale123
wind gyres (Gangopadhyay et al., 1992, 2016) flowing around the two atmospheric Cen-124
ters of Action (i.e. the Icelandic Low and the Azores High) of the NAO, is sensitive to125
both atmospheric pressure cells. A schematic in Figure 1 captures this synergistic force-126
response system of the GS path to both the components of the NAO via their respec-127
tive forcing parameters. The GS is situated at the boundary between the subtropical and128
subpolar gyres. The variability of the GS path is thus partly due to (a) the basin-scale129
wind-driven through long baroclinic Rossby waves (BRW) and the latitude of separa-130
tion as per GCW92 associated with the Azores High and (b) the buoyancy advection of131
Labrador Current and Labrador Sea Water from the Labrador Sea region (Joyce et al.,132
2009), associated with the Icelandic Low as per SHW16.133
In this paper for the first time we present a statistical model whose parameters rep-134
resent the effects of buoyancy and wind-forcing in a combined response system for pre-135
dicting the variability of the GS path using 40 (1980-2019) years of observed wind and136
41 years (1980-2020) of GS index data. Specifically, we will be first exploring the hypoth-137
esis proposed by Parsons (1969) and Veronis (1973) and building upon the work done138
by Gangopadhyay et al. (1992), reanalyzing the hypothesis over a longer time (40 years).139
We then combine the Parsons-Veronis hypothesis (wind-forcing) with influences of the140
Icelandic Low (bringing in the buoyancy-forcing by extending the previous work by SHW16)141
to develop a new forecasting model for the path of the GS.142
The organization of this paper is as follows. Section 2 outlines the different data143
sets used in this study. Section 3 presents the validation of the Parsons-Veronis mech-144
anism of predicting the outcropping latitude for the 40-year period (1980-2019). A hi-145
erarchical forecast model development is presented in Section 4 starting from the SHW16146
model and ending with a model that incorporates both the effects of integrated wind stress147
over subtropical Atlantic and the longitudinal movement of the Icelandic Low. Additional148
parameters such as the Southern Oscillation Index (SOI) and the Icelandic Low Pres-149
sure (ILP) amplitude are included in intermediate steps to test the sensitivity of the GS150
response to extreme conditions of the El Niño Southern Oscillation (ENSO) and NAO151
variability. Section 4 also discusses these sensitivities and Section 5 summarizes the re-152
sults with implications to the presently active AMOC.153
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Figure 1. This synergistic schematic shows the different aspects of atmospheric forcing and
their influence on the Gulf Stream which are incorporated into the forecasting model. (a) The
two components of the NAO (AH and IL) are presented with wind vector arrows while the
dashed line on the right edge shows the typical latitudinal variation of the zonal wind stress, τx.
(b) The surface circulation with the red arrows represent the GS and the North Atlantic Current;
the blue arrows represent the Labrador current and other currents around Greenland. The small
black arrows show the southward Ekman drift (TE) under the Azores High. The dashed line
shows the location of the Outcropping latitude (OCL) along which the vertical depth structure
is depicted in the bottom panel. (c) The depth structure of the two-layer ocean model with the
OCL marked on the western side is shown here. The geostrophic flow is marked by the red arrow
and the interface between the two boundaries on the eastern side is marked by he. BRW repre-
sents the baroclinic Rossby waves. Image was generated using Inkscape (Inkscape Project, 2020)
and MATLAB’s mapping toolbox (The MathWorks, 2020).
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2 Data154
In this section, we briefly describe the different data sets used in this study: (i) the155
GS path and (ii) multiple parameters from the atmospheric system.156
Gulf Stream Path157
The Taylor-Stephens index (TSI) was calculated by applying principal components158
analysis to the time series of monthly latitudes of the north wall at [79, 75, 72, 70, 67,159
and 65◦W], and found to be significantly linked to the North Atlantic Oscillation (NAO)160
(Taylor et al., 1998; Taylor & Gangopadhyay, 2001).161
The TSI in addition to being used as a measurement of the GSNW is also used here162
as an estimation of the GS separation latitude. We validated this by comparing the TSI163
with the Atlantic Zone Mapping Program’s (AZMP) (Fisheries and Oceans Canada, 2021)164
GS location at 74◦W and with the location of the 50cm contour line from AVISO sea165
surface height fields at 74◦W (Global Monitoring and Forecasting Center, 2021). Both166
comparisons, AZMP and AVISO, showed high correlations with the TSI (r = 0.74 and167
0.66 respectively for the period 1993 to 2016) as seen in Figure 2 justifying our usage168
of TSI as a proxy for the separation latitude.169





















Figure 2. Validating the TSI with two different metrics of the GS separation latitude at
74◦W. The Atlantic Zone Mapping Program (AZMP) uses sea surface temperature and the
AVISO quantification uses the 50cm contour from sea surface height fields. The correlation be-
tween the AVISO separation and with the TSI and the AZMP with the TSI are r = 0.66 (red
text in figure) and r = 0.74 (blue text in figure) respectively for the period 1993 to 2016.
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Atmospheric Forcing Related Data170
The wind stress data was obtained from JRA-55 yearly wind fields which are avail-171
able from 1958 to 2019 at a 1.25◦ grid (Japan Meteorological Agency, 2013). This is higher172
resolution than the 2.5◦ wind used in GCW92. The JRA-55 wind data is available from173
https://rda.ucar.edu/datasets/ds628.1/. The SOI data is available from https://climatedataguide174
.ucar.edu/climate-data/southern-oscillation-indices-signal-noise-and-tahitidarwin-slp-soi175
(Trenberth, 1984). The atmospheric centers of action indices (for Azores High and Ice-176
landic Low) are available from https://you.stonybrook.edu/coaindices/ (Hameed & Pi-177
ontkovski, 2004; Hameed & Riemer, 2012). The NAO winter index is available from https://178
climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station179
-based (Hurrell et al., 2003).180
Finally, the analysis time-period for the Parsons-Veronis model focusing on vali-181
dating the linkage between the GS path and the Azores High winds (in an integrated sense)182
was the forty-year period (1980-2019). The forecasting model was fit over the 14-year183
period 1980-1993, and the one-year forecast comparisons were carried out over the next184
27-year period (1994-2020). Extreme years for SOI, ILL and NAO were identified as those185
years when the parameters were beyond ±0.8 standard deviation from their mean value186
over 1980-2019 period.187
3 The Variability of the Gulf Stream Separation Latitude (1980-2019)188
3.1 The Parsons-Veronis Model (Wind-forcing)189
Following GCW92’s methodology, we considered a two-layer ocean forced by steady190
wind stress with the bottom layer at rest. Using a balance between Ekman transport and191
the northward geostrophic flow, the outcropping latitude was predicted. The model was192











e represents the geostrophic transport and g
′ = g(ρ2−ρ1)ρ2 is the re-194
duced gravity of the 2-layer model with ρ1 and ρ2 being the densities of the upper and195
lower layers and f being the Coriolis parameter. Depths of the interface between the two196
layers at the eastern and western boundaries are represented by he and hw respectively.197
The outcropping latitude is obtained by setting hw = 0, so that the isopycnal reaches198
the surface at the western boundary. This eliminates the left hand side of Equation 1199
and establishes a balance between the northward geostrophic flow and the Ekman trans-200
port. Ekman transport increases as one moves further North, so in order to maintain this201
balance the GS has to detach from the coast and move eastward. In this way we can use202
this equation to predict the separation latitude (as the outcropping latitude) of the GS.203
The he and ρ values were based on the GCW92 work which designed a data-based two-204
layer system of the subtropical north Atlantic using CTD casts (conductivity, temper-205
ature, and depth) from the National Oceanographic Data Center database. Specifically,206
ρ1 = 1026.4 kgm
−3 and ρ2 = 1027.61 kgm
−3, which yielded a g′ = 0.0115ms−2. The207
values of he were adapted from the CTD-based two-layer model presented by GCW92208
and are interpolated to higher resolution grid for this study. The original values of he209
were 375m, 300m, 230m and 125m at 31◦N, 33◦N, 37◦N and 41◦N respectively.210
The Ekman Transport was computed by integrating the zonal wind stress (τx) from
20◦W to 75◦W, excluding regions over land. GCW92 used a constant 110 km per de-
gree longitude and a constant f value, equivalent to f at 35◦N, for all latitudes. This
was updated here by allowing for both longitudinal distance variation over spherical earth
and for f to vary with latitude. The Ekman transport TE in Sv was then calculated us-
–7–








Where ρ1 is the density of the surface layer (1026.4 kgm
−3) and τx is integrated from211
75◦W (xW ) to 20
◦W (xE).212
Note that, Zhao and Johns (2014a, 2014b) set up a simple two layer model to un-213
derstand the seasonal and interannual variability of the AMOC and found credence to214
the dominance of wind-driving in explaining its observed variability in both time-scales.215
The present data-based model set up for validating the Parsons-Veronis hypothesis is216
very similar to that of Zhao and Johns (2014a, 2014b) 2-layer numerical model set with217
wind forcing. It is thus reasonable to test and validate the variability of the path of the218
GS based on a simpler Parsons-Veronis hypothesis with a 2-layer model in the presence219
of a robust and active AMOC.220
Wind stress acting on a thermocline generates planetary waves that propagate to221
the west (Anderson & Corry, 1985). Given that the time scale for planetary waves mov-222
ing across the North Atlantic (with speeds of ≈ 3.7 km day−1) is on the order of 3-5 years223
(Halliwell Jr & Cornillon, 1990; Gill, 1982), it is not expected that a significant corre-224
lation between prediction and observation will be obtained when the annual wind is used225
to predict the outcropping latitude. A correlation was expected once this time integra-226
tion scale is accounted for as was the case in GCW92. For this reason, running averages227
of three, four, and five years were conducted on TE values which were then used to cal-228
culate the predicted outcropping latitude. For example, for a three-year running aver-229
age, an average of TE values from 1991, 1992 and 1993 would be used to predict the out-230
cropping latitude for 1993 and be compared to the observed north wall position (TSI)231
in 1993.232
All reported p-values were calculated with an adjusted sample size to account for
autocorrelation. This was done using the equation from Quenouille (1951) given below
and following the methodology of Taylor (1995) and SHW16:




2 + ...) (3)
where N is the unadjusted number of points in each time series and r1 and r
′
1 are the233
lag one autocorrelations of the respective time series, and r2 and r
′
2 are the two year lag234
autocorrelations. While investigating the outcropping latitude, this calculation included235
terms up to r4, because the addition of higher-order autocorrelations had a negligible236
effect on the p-values.237
3.2 Predicted Outcropping Latitude Versus Observed GSNW Index238
The outcropping latitudes predicted on the basis of Parsons-Veronis hypothesis are239
correlated with the GSNW position given by the TSI over the years 1980 to 2019 when240
averaged over a three-year period. Figure 3 shows the comparisons between the predicted241
outcropping latitude and the TSI for the years 1980-2019 with annual and three, four,242
and five-year running averages. Similar to GCW92 results, the annual averages showed243
insignificant correlation between the predicted outcropping latitude and observed sep-244
aration locations (TSI) (r = -0.04, p = 0.84). When a three-year running average was245
applied to TE , a strong correlation emerges for the year-to-year comparison between TSI246
and Parsons-Veronis prediction, with r = 0.55 p = 0.012. The four- and five-year run-247
ning averages also show similar correlations with the observed TSI; however the corre-248
lation coefficients slightly decrease, and the p-values increase with increased averaging249
period after 3 years, matching what was observed in GCW92. The three year integrated250
wind-based predictions of the outcropping separation latitude from Equation 1 also showed251
significant correlations with the AZMP and AVISO with r = 0.44 (p = 0.023) and r =252
0.44 p = 0.105) respectively.253
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Figure 3. Correlation (r) between predicted separation latitudes using JRA-55 winds aver-
aged annually, and with 3, 4, and 5 year running averages against the observed GSNW (TSI).
The 3-, 4-, and 5-year averaged correlations are significant.
This increased correlation with 3-year averaging is also shown in Figure 4(a-b). Fig-254
ure 4a shows the annual average with an apparent lag between the outcropping latitude255
and the observed one. Figure 4b then shows the outcropping latitudes with 3-year av-256
eraging, closing this gap between outcropping and observed latitudes due to the delayed257
integrated effect of the generated planetary waves.258
It is worth pointing out the connection between the ‘lost fluid’ in the upper layer259
of the original 2-layer Parsons-Veronis equations (see equation 9 of GCW92) and the un-260
certainties in AMOC transports. The AMOC has a mean flow around 18 Sv at 26◦N and261
around 13 Sv at 41◦N, in comparison the Ekman transport variations of around 2-4 Sv262
might seem insignificant (Mielke et al., 2013). As mentioned before, the majority of the263
interannual variability is driven by fluctuations in the wind stress (Frajka-Williams et264
al., 2019; Zhao & Johns, 2014b).265
Using the latitudinal difference between the known separation latitude from AZMP266
and our predictions a yearly estimate of the loss of fluid in the two layer model was ob-267
tained with a mean of 0.8Sv and a range of 0.04−1.6Sv. These numbers match well with268
the 0.7-4.9 Sv found to be lost in the observed range of AMOC-Ekman transport between269
26◦N and 41◦N (Mielke et al., 2013).270
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Figure 4. Comparison of TSI (red solid line) with Normalized predicted outcropping latitudes
(black dashed line) based on (a) annual averaged winds and (b) three year running average winds
from 1980 to 2019.
4 A Forecast Model for the Path of the Gulf Stream271
4.1 Icelandic Low Model (Buoyancy Forcing)272
The strength of the NAO directly influences the North Atlantic circulation (Walker273
& Bliss, 1932; Hurrell et al., 2000, 2001). Many recent studies (Rossby, 1999; Rossby &274
Benway, 2000; Drinkwater et al., 2003; Drinkwater, 2004; Hameed & Piontkovski, 2004,275
SHW16) have focused their attention on the lag time scale between the advection from276
the Labrador Sea and the latitudinal variation of the GS path. Mechanisms such as forc-277
ing by the Deep Western Boundary Current (Thompson & Jr, 1989; Spall, 1996) con-278
nected with the Labrador convection region and the movement of the Icelandic low (Hameed279
& Piontkovski, 2004) have been suggested.280
SHW16 developed a regression-based forecasting model incorporating the hypoth-281
esis of the Icelandic low forcing the Labrador Sea water into the Slope Sea from Hameed282
and Piontkovski (2004) and the influence of the Southern Oscillation Index (SOI) from283
Taylor et al. (1998). For a one-year forecasting model, SHW16 obtained the best regres-284
sion equation for the ‘i’th year prediction as follows,285
GSNWi = aGSNWi−1 + b ILPi−2 + c ILLi−3 + dSOIi−2 + e Model A (4)
–10–
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where GSNW is the GS north wall position from the TSI, ILP and ILL are the aver-286
age Icelandic Low pressure and longitude from December through February respectively,287
and SOI is the average SOI from September through February for the subscript year.288
The multipliers a, b, c, and d are the regression coefficients, while e is the residual. We289
were able to reproduce the results from SHW16 as well as extend the model prediction290
through 2020 (Table 1 and 2 and Figure 5; for data sources, see Section 2).
















Figure 5. One-year model forecasts from Model A and D compared to TSI. The rf values
in the figures represent correlations between the TSI and the one year predictions from both
forecast models. Note that the time-axis spans the forecast period (1994-2020).
291
4.2 Combined Icelandic Low - Azores High Model (Buoyancy and Wind292
Forcing)293
Motivated by the validation of the Parsons-Veronis mechanism for over the last forty294
years as shown in Section 3, a new model that incorporates both the Icelandic Low and295
the basin-wide, time-integrated wind-driven predicted outcropping latitude information296
is proposed. This is the novelty of this work. It connects the two pressure cells of the297
Atlantic wind system: (i) Icelandic Low Center longitude’s east-west excursion with a298
lag of multiple years, and (ii) Azores High component contributing through the basin-299
wide time-integrated Ekman wind drift as modeled by the Parsons-Veronis hypothesis.300
A series of experiments were carried out with different combinations of the longitudinal301
variation of the Icelandic Low, basin-wide wind stress integrated over 2-3 years and the302
SOI. We present the results in Table 1 and Table 2 and discuss them below.303
While the three-year integration timescale works well for validating the Parsons-304
Veronis mechanism, a forecast model for year ‘i’ does not have the wind information for305
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the forecast year. Given the need for one year in advance prediction without knowing306
next year’s winds, predicted outcropping latitudes based on two years of wind-integration307
were used with a one-year lag. The addition of the two-year integrated wind-derived out-308
cropping latitude (OCL2) into Model A created a new model, Model B which can be given309
as follows310
GSNWi = aGSNWi−1+bOCL2i−1 + c ILPi−2
+ d ILLi−3 + e SOIi−2 + f Model B (5)
Following the methodology from SHW16, the model fit was assessed by making con-311
tinual one-year predictions for 1994 through 2020 and then comparing the correlation312
and mean absolute error (MAE) between forecast locations and the observed GSNW po-313
sitions. Following SHW16, MAE = 1n
∑n
i=1 |fi − yi| where fi is the model’s predic-314
tion and yi is the observed GSNW position (TSI for the i-th year). Both fi and yi time-315
series were standardized to compute the MAE. For each one-year prediction the model316
was fit from 1980 through one year prior to the prediction year. For example, the years317
1980-1993 were used to fit the model and forecast for 1994. Similarly, the years from 1980-318
1994 were used to fit the model and forecast for 1995. This process was continued for319
all one-year predictions from 1994 to 2020. The model is evaluated by calculating the320
correlation between its predictions with observations. To avoid confusion with other r321
values used in this paper, this correlation coefficient between model predictions and ob-322
servations will be called the ‘forecast correlation’ rf from here on. Years 1980-1993 were323
not predicted as the model would not have enough data to robustly fit all variables (see324
SHW16) for one-year advance prediction for those years. Table 1 presents the resulting325
rf values and their corresponding p-values. The sample size was adjusted with autocor-326
relations up to four years in equation (3) with the addition of further lagged autocor-327
relations having a negligible effect on the p-values.328
Table 1. Standardized beta coefficients of model variables for Models A, B, C, and D fit from
1980-2020. Coefficient values with asterisk indicate significance at 95% level. The rf is the cor-
relation coefficient between one year model predictions and the TSI; the corresponding p-value is
listed in the last column.
Model GSNWi−1 OCL2i−1 ILPi−2 ILLi−3 SOIi−2 rf p-value
A 0.42∗ NA -0.10 −0.24∗ 0.04 0.52 0.029
B 0.33∗ 0.31∗ -0.04 −0.17∗ 0.04 0.65 0.007
C NA 0.36∗ -0.12 -0.11 0.04 0.61 0.007
D 0.33∗ 0.32∗ NA −0.16∗ NA 0.65 0.016
The one-year model prediction for Model B using the integrated outcropping lat-329
itude shows a strong correlation with TSI with an rf = 0.65 and MAE = 0.54 over the330
forecast period (1994-2020). In comparison Model A has a rf = 0.52 and MAE = 0.64.331
The correlation is increased and the MAE is decreased with the addition of the wind-332
integrated prediction of outcropping latitude.333
To compare the relative contribution of each predictor variable to the outcome vari-334
able (GSNW ) in the forecasting model, standardized beta coefficients are used. Beta335
coefficients show the degree of change in the outcome variable given one unit change of336
the predictor variable. So, beta coefficients with larger absolute values indicate larger337
influences on the outcome variable. Given that all our variables are normalized before338
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Table 2. Model fit parameters with rf being the correlation between the one-year predictions
and observed TSI from 1994-2020, MAE being the mean absolute error of one year predictions,
RV being the residual variance between predictions and TSI, AICc being the Akaike information
criterion adjusted for small sample sizes for each model fit to the whole time series.
Model rf MAE RV AICc
A 0.52 0.64 0.70 68.3
B 0.65 0.54 0.53 59.3
C 0.61 0.53 0.54 63.1
D 0.65 0.50 0.40 57.0
going in to the model these are standardized beta coefficients with units of standard de-339
viations. The final model can thus be selected using the beta coefficients from the dif-340
ferent individual model experiments.341
Both the GSNWi−1 and OCL2i−1 explain roughly the same amount of variance342
in Model B with beta coefficients of 0.33 and 0.31 respectively (Table 1). When the GSNWi−1343
variable was removed from Model B, creating Model C, the rf value dropped to 0.61.344
GSNWi =(((
(((aGSNWi−1 + bOCL2i−1 + c ILLi−3 + dSOIi−2 + e Model C (6)
When both GSNWi−1 and OCL2i−1 were removed from Model B, the correlation345
between one year predictions and observed locations dropped to rf = 0.42, showing the346
large contribution of the wind-integrated outcropping latitude in the model.347
The Icelandic low pressure and SOI explain relatively less variance compared to348
other variables and are not significant in Model A or B. For this reason we built a new349
model with only the significant contributors, which is,350
GSNWi = aGSNWi−1 + bOCL2i−1 + c ILLi−3 + d Model D (7)
This model resulted in an rf value of 0.65 for the whole forecast period of 1994-351
2020 (Figure 5). The reason that ILP and SOI were found to be significant in the SHW16352
paper but not in any of the models in our study, is because of the difference in the time353
periods used to fit the model. SHW16 used data beginning in 1966 whereas we use data354
beginning in 1980 to fit the models. We restricted our analysis to the 40-year period af-355
ter 1980 for two reasons. First, it is well known that there were relatively poor spatial356
coverage of the atmospheric data in the years before satellite observations started in 1979.357
This led to the poorer quality of wind products (due to coarser resolution of available358
data and spatial-temporal gaps), which have been well recognized by many studies re-359
cently (Kistler et al., 2001; Sturaro, 2003; Huesmann & Hitchman, 2003). Second, prior360
to the 1970s the data used to calculate the GS indices was much more scarce, leading361
to potentially less accurate estimates of the GS north wall location (McCarthy et al., 2018).362
Furthermore, while testing the models for the period used in SHW16 paper we found that363
even though the ILP and SOI are significant in Models A-C; Model D still performed364
best with a rf = 0.66, compared to a rf = 0.57 for Model A. The fidelity of Model D365
is attributed to the inclusion of both buoyancy forcing (ILL) and wind driving (OCL)366
effects to forecast the GS path.367
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In addition to evaluating the forecast correlation, two other tests were carried out368
to assess model fit, residual variance and AICc (see Table 2). Residual variance is the369
sum of squares of the difference between the observation and the model predicted value370
(Weisberg, 2005). Model D showed a drop in residual variance compared to Model A,371
both when comparing the one year predictions to the observed TSI (0.40 and 0.70 re-372
spectively) and when comparing the model when fit with all available years to the TSI373
(0.27 and 0.34 respectively).374
Since there were a varying degree of parameters in different models (A-D), we used375
the Akaike information criterion (AIC) to test model fit. AIC is an estimate of model376
prediction error taking into account both the goodness of fit and the simplicity of the377
model. AIC accounts for the amount of information lost while penalizing for the addi-378
tion of parameters to account for over-fitting. In this study, we used AICc, which adds379
a modified correction for smaller sample sizes (Hurvich & Tsai, 1989). The smaller the380
AICc, the better the model fit. Model D yields an AICc of 57.0 (least among all four mod-381
els) whereas Model A had an AICc of 68.31.382
4.3 Forecast Model Sensitivity to Extreme Events383
Observational studies have shown that the GS has experienced climate-scale changes384
in its path variability and instability processes (Andres, 2016; Gangopadhyay et al., 2019;385
Silver et al., 2021; Caesar et al., 2021), over the past forty years. These changes include386
long-term shifts of the path, regime-shift of annual ring formations and the westward move-387
ment of the destabilization point of the GS. Looking ahead, one of the projected impacts388
of the current rate of global warming is possible future increases in the frequency and389
amplitude of extreme events (e.g. hurricanes), which are related to atmospheric indices390
such as the SOI and NAO (Brickman et al., 2018; Wang et al., 2020). The elements of391
forecast models presented herein (Models A-D) allow us the opportunity to test the sen-392
sitivity of the GS forecasts to such extreme atmospheric conditions. We thus repeated393
the forecast correlation exercise on a number of subsets of previously identified extreme394
SOI and NAO years during the forecasting period of 1994-2020. Results and interpre-395
tations from this sensitivity experiments are presented next.396
Table 3. Extreme years (outside ±0.8 standard deviation from the mean) for different atmo-















Model sensitivity to predicting the GSNW for years of different atmospheric ex-397
treme events was tested by selecting one year predictions from respective years of extreme398
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SOI in one subset of extreme events and of NAO in the other subset. We chose NAO ex-399
treme years as it is a more recognized index than either ILL or ILP or its Azores High400
components. The NAO winter index has a positive correlation of 0.49 with ILL and a401
negative correlation of 0.78 with ILP. In our models, the impact of buoyancy forcing comes402
from the ILP/ILL variables and that of the wind-forcing comes from the OCL factor,403
which is the integrated wind-stress over the basin and over time. The selected set of ex-404
treme years (chosen as those falling outside ±0.8 standard deviations) are shown in Fig-405
ure 6 and are listed in Table 3. The cut off of 0.8 standard deviations was used to al-406
low for a large enough sample size for analysis. All indices were normalized with respect407
to the mean over the 1980-2019 period before extreme years where selected. This resulted408
in 12 SOI years, 13 NAO years, and 12 ILL years (Table 3).409
For the extreme SOI year subset, one year predictions showed the strongest cor-410
relation for Model D with rf = 0.83. Models A, B, C showed values of rf as 0.50, 0.70,411
and 0.62 respectively. Model A, the only model without OCL, had the lowest rf value,412
which might indicate that OCL is an important predictor for extreme SOI years.413
For the extreme NAO year subset, Model C had the highest rf value with rf =414
0.62. Model B had the second highest with rf = 0.57. Model D had similar correla-415
tion as Model B (rf = 0.54). Models B and C are the only two models that include OCL,416
ILP, and ILL indicating that all three variables associated with the NAO might play an417
important role in predicting extreme NAO years. Interestingly, all of the models outper-418
formed the extreme NAO subsets when compared against the extreme ILL years (third419
row of Table 4).420
The fact that Model D still preformed well when predicting the GS path for ex-421
treme NAO, SOI, and ILL years (rf from 0.54-0.83) highlights the robustness of the model.422
However, the model could be further improved for predicting the extreme excursions of423
the GS by including other important forcings. A challenge for the future is accurately424
predicting extreme events of different types such as extreme conditions of NAO and SOI,425
more frequent ring formation, marine heatwaves, more frequent and stronger atmospheric426
storms. Extreme events may lead to disruption of ecosystems and multiple extreme events427
may affect the long term structure of an ecosystem (Gupta et al., 2020). This is an area428
that is worthy of concentrated research in the future.429
In addition to testing the models’ ability to predict the GSNW during extreme events,430
the models’ sensitivity to forecasting from an extreme event was also tested. This was431
done to understand the lasting impact of both buoyancy and wind forcing after an ex-432
treme event year. Considering the same extreme event years described above, correla-433
tions between the model forecast and TSI were computed for 2 years after an extreme434
SOI year because the models (A, B and C) incorporated a 2-year lagged SOI variable.435
Model A had the lowest correlation (rf = 0.22) with models B, C, and D showing bet-436
ter forecasting performance (rf = 0.51, 0.49, 0.47 respectively). In contrast, for 2 and437
3 years after extreme NAO events (some of the models incorporated 2-year lagged ILP438
and 3-year lagged ILL) there was less difference in forecast correlations between mod-439
els. Two years after an extreme NAO, Models A, B, C, and D had rf values of 0.56, 0.55,440
0.52 and 0.53, respectively; whereas three years after an extreme NAO year, the values441
of rf were 0.52, 0.59, 0.53, and 0.72, respectively. Table 4 summarizes the forecast cor-442
relation for all these cases. Again, for the 3-year lagged extreme ILL years, all of the mod-443
els except model A, outperformed the other extreme NAO and SOI subsets (bottom row444
of Table 4).445
Figure 7 shows the τx fields for the years with the pressure center being furthest446
west and furthest east. When the ILL is farthest west, as shown in Figure 7(a), the τx447
anomaly over the Labrador region is negative. This negative τx anomaly reduces the south-448
ward Ekman drift in the region and results in reduced amount of cold Labrador surface449
water entering the Slope Sea. This allows for a northward shift of the GSNW in later450
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Figure 6. Time series of atmospheric indices SOI, NAO, with extreme years (outside ±0.8
standard deviation) highlighted with vertical stripes and shown with shaded dark red or dark
blue regions. All indices are normalized. The SOI is averaged over September through February
and NAO is averaged over December through February. The TSI is the annual Taylor-Stephens
Index, the OCL is the three year integrated predicted outcropping latitude, and Model D is the
one year forecast from the final model.
years. SHW16 found that when the ILL was anomalously west, the sea surface temper-451
ature over the Labrador Sea and east and south of Greenland was reduced resulting in452
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Table 4. Sensitivity testing results for years concurrent and following to the extreme events
of different atmospheric forcing. The top half of the table with row labels NAO, SOI and ILL,
shows the correlation coefficient between model forecasts and the TSI for concurrent extreme
years listed in Table 3. The bottom half of the table with row labels NAO2, NAO3, SOI2, and
ILL3 shows the correlation coefficients between model forecasts and the TSI for years either 2 or
3 years following an extreme event indicated by the subscript number.
Index Model A Model B Model C Model D
Forecast of Extreme Event Years
NAO 0.43 0.57 0.62 0.54
SOI 0.50 0.70 0.62 0.83
ILL 0.71 0.84 0.82 0.79
Forecast Following Extreme Event Years
NAO2 0.56 0.55 0.52 0.53
NAO3 0.52 0.59 0.53 0.72
SOI2 0.22 0.51 0.49 0.47
ILL3 0.48 0.66 0.56 0.65
enhanced deep water convection, decreased amounts of cold water entering the Slope Sea,453
and a northward shift in the GSNW. In contrast, when the ILL is to the east as shown454
in Figure 7(b), a positive τx anomaly appears in this region, increasing southward ad-455
vection of Labrador water into the Slope Sea and less deep water convection resulting456
in a more southward GSNW.457
This process is also evident in Figure 8(a), which shows the integrated TE for the458
3 years following each extreme ILL event. For years after an extreme westward (east-459
ward) ILL the integrated TE is weaker (stronger) resulting in the intersection with Tg460
occurring at a higher (lower) latitude. This confirms the workings of the Parsons-Veronis461
hypothesis as presented earlier (Section 3.1) for the years following extreme ILL years462
as well. This also validates the best performance of Model D, which captures both of the463
effects of buoyancy and wind forcing within a single framework.464
The relationship between the SOI and GSNW is less understood and needs further465
investigation. Figure 8(b) shows a negative relationship between SOI and OCL for years466
selected after two years of an extreme SOI event. For years with a low (high) SOI the467
integrated TE is weaker (stronger) and the OCL is further north (south). This matches468
with the Parsons-Veronis idea again as discussed for ILL. However, how exactly the SOI469
influences the subtropical winds is beyond the scope of this study.470
We note in passing that the SOI beta coefficient in all models fitted from 1980 to471
2020 was very slightly positive. This is in contradiction to the consistent negative beta472
coefficients found by SHW16 while analyzing the period from 1966 to 2014. The result473
presented in Figure 8(b) was for years mostly before 2014, with 2017 (from the 2015 ex-474
treme) being the only years after 2014 (see Table 3) and matches with the negative cor-475
relation idea. The changeover of beta coefficients from negative to slightly positive could476
be in part due to observed changes in the SOI variation in recent years. Power and Smith477
(2007) found that the mean state of the SOI has decreased in recent years due to climate478
change. Additionally Wang et al. (2020) projected that the number of concurrent extreme479
warm and convective El Nino events will increase under greenhouse warming.480
–17–
manuscript submitted to JGR: Oceans
Westernmost ILL (2010)
  70°W   50°W   30°W 
  35°N 
  45°N 
  55°N 







  70°W   50°W   30°W 
  35°N 
  45°N 
  55°N 





  70°W   50°W   30°W 
  35°N 
  45°N 
  55°N 








Figure 7. Example of zonal wind stress (τx) anomaly for extreme years of ILL with (a) show-
ing the westernmost center for the ILL in 2010, (b) showing easternmost ILL for 1983. (c) shows
the mean τx field from 1980-2019.
5 Summary and Conclusion481
To summarize, we presented a new model (Model D) for forecasting the GS path482
which includes: (i) the GSNW index from the previous year, (ii) gyre-scale integrated483
Ekman Drift over past two years, and (iii) the longitude of Icelandic Low center lagged484
by three years. The forecast correlation over the 27-year period (1994-2020) was 0.65,485
which is a reasonable improvement from the previous model’s (Model A) correlation value486
of 0.52. This improvement was attributed to the addition of the effect of time-integrated487
basin-scale wind drift to allow for the baroclinic Rossby waves to cross the Atlantic to488
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Figure 8. Impact of extreme events on GS path forecasting. The meridional distributions of
the total Ekman transport (TE) integrated zonally for 3 years following each occurrence of an
extreme ILL to the east (red) or west (blue) are shown in (a). Similar to (a) but for two years
after an extreme SOI high (red) or low (blue) is shown in (b). Dotted lines show individual years
whereas solid lines show the mean. The black line represent the Tg line whose intersection points
with TE represents the OCL. Both TE and Tg are in Sverdrups. (The predicted OCL being fur-
ther north than the observed separation point is due to the loss of fluid not accounted for in the
model discussed at the end of section 3.2).
affect the separation of the GS. This also highlights the importance of both North At-489
lantic pressure cells, Icelandic Low and Azores High in dictating the path of the GS.490
The major results from this study can be detailed as follows:491
• The observed separation of the GS path is significantly correlated (r=0.55) with492
the basin-wide Ekman drift over the subtropical Atlantic integrated over three years493
for over forty years.494
• The integrated wind effect was incorporated as an outcropping latitude for the sep-495
aration point of the GS to improve the forecasting model created earlier in SHW16.496
• The model yielding the best results was Model D using the GSNWi−1, OCL2i−1,497
and ILLi−3 with a forecast correlation of 0.65.498
SHW16’s model was able to predict the TSI with a correlation coefficient of rf =499
0.52. We believe that part of this model’s success was due to the GSNWi−1 variable in-500
corporating the influence of the integrated outcropping latitude into the model (see Ta-501
ble 1).When both GSNWi−1 and OCL2i−1 are removed the accuracy of the model drops502
substantially, showing the large role that wind stress is playing on the separation loca-503
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tion. The model with the most explained variance for the TSI prediction used only GSNWi−1,504
OCL2i−1, and ILLi−3, with a rf = 0.65.505
Using both the Azores high and the Icelandic Low parameters in Model D has sub-506
stantially improved the explained variance to 50% from 36% (with just Icelandic Low507
as in Model A) for the variability of the GS path between 75 and 65W. Extreme years508
of SOI or NAO were similarly predictable (Models B and C), which indicate that Model509
D is able to capture most of the forcing influences from the wind gyres in the North At-510
lantic and their connection to the equatorial Pacific. However, there is a substantial amount511
of unexplained variance (40-45%) which requires future investigation. Some of the fac-512
tors that may influence the path of the Stream and can be explored in the future are:513
(i) wind stress curl integrated over basin and time;(ii) position of the zero and the max-514
imum of the wind stress curl in the subtropical north Atlantic; (iii) strength, intermit-515
tency and spatial variability of the DWBC linked with ice melting and convection in the516
Labrador region; (iv) atmospheric forcing strengthening recirculation gyres to the north517
and south of the Stream. The results presented here open up new research pathways which518
could utilize long-term data sets now available and advanced numerical models to test519
similar hypotheses.520
Furthermore, the four different models allowed us to carry out a sensitivity study521
to understand the impacts of extreme events (represented by SOI and NAO indices) on522
forecasting the GS path. Based on the analysis of a selected subset of years strategically523
following extreme events during the period 1994-2019, our recommendation is to use Model524
B (with OCL, SOI and ILP and ILL indices) in addition to Model D (with OCL and ILL525
only) and reevaluate the forecast correlations and adapt in the coming 5-10 years.526
Finally, the implication of this simple study to understand climatic variability of527
the AMOC needs further attention. As presented here, the Parsons-Veronis two-layer528
idea of Ekman wind drift affecting the GS path is working for four decades in the back-529
ground of an active AMOC. Given that most of the AMOC variability is in fact dom-530
inated by this Ekman Drift (Lozier, 2012; Mielke et al., 2013; Caesar et al., 2021; Frajka-531
Williams et al., 2019), it is possible that one could use this simpler variability predic-532
tion model within the context of a time-varying AMOC predictability scheme when more533
observations for AMOC would be available.534
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